Unconventional relaxation in antiferromagnetic C0RI12O4 nanoparticles 



R.N. Bhowmik* and R. Ranganathant 
Experimental Condensed Matter Physics Division, 
Saha Institute of Nuclear Physics, 1/AF, Bidhannagar, Calcutta 700064, India 

Magnetic relaxation in antiferromagnetic C0RI12O4 nanoparticles is investigated at 2 K by cooling 
the sample from a temperature (70 K) well above the antiferromagnetic ordering temperature at 
27 K, following zero field cooled (ZFC) and field cooled (FC) process. In ZFC process, the sample 
at 2 K is subsequently followed by magnetic field on and off sequences, whereas in FC process the 
cooling field is made off during measurement of remanent magnetization as a function of time. The 
experiments suggest an unconventional relaxation behaviour in the system, as an effect of increasing 
surface exchange anisotropy with decreasing the size of antiferromagnetic nanoparticles. 



Spinel oxides belong to a special class of materials 
with formula unit AB2O4 where cations are occu- 
pied in A (tetrahedral) and B (octahedral) sublattices, 
respectively. Recently, many unusual and interesting 
phenomena like magnetic quantum tunneling and super- 
paramagnetism have been observed in spinel nanopar- 
ticles. These phenomena, owing to their tremendous 
applications in nanoscience and technology, are draw- 
ing increasing attention to the research community. The 
other notable phenomenon under current interest is the 
geometrical frustration effect. The change of degener- 
acy and topology of the antiferromagnetic ground state 
(Neel order) of a geometrically frustrated system has 
shown various kinds of non-conventional magnetic or- 
dering 0, 0, IE 01- One sucn phenomenon is quan- 
tum spin fluctuation effect, where the spins do not or- 
der and remain in a "collective paramagnetic state" 
down to zero temperature. Some of the spinel oxides 
due to their typical lattice structure have shown geo- 
metrical frustration effect 0, @- Geometrical frustra- 
tion effect has been observed in those antiferromagnetic 
spinels where magnetic moments are occupied either in 
B or in A sublattice. For example, ZnFe2C>4 is a spinel 
compound(structure: (Zn 2+ )A[Fe2 + ]s04) where mag- 
netic ions (Fe 3+ ) are confined in the B sublattice alone. 
On the other hand, CoRh204 is another spinel (struc- 
ture: (Co 2+ )A[Rh2 + ]s04) where magnetic ions (Co 2+ ) 
are confined in the A sublattice alone. Note that A-O-A 
(intra A sublattice) superexchange interactions are gener- 
ally believed to be smaller in comparison with B-O-B (in- 
tra B sublattice) superexchange interactions. However, 
C0RI12O4 (A-O-A) and ZnFe 2 4 (B-O-B) both are anti- 
ferromagnet, and T^ ~ 27 K of C0RI12O4 is larger than 
Tat ~ 10 K of ZnFe204 1]. In view of the earlier exper- 
imental results 0, we believed that C0RI12O4 can pro- 
vide an alternative antiferromagnetic spinel for studying 
the geometrical frustration effect. We have seen that cu- 
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bic spinel structure as well as antiferromagnetic ordering 
temperature at 27 K of the bulk sample are also retained 
in the C0RI12O4 nanoparticles. The unalternation of T^v 
excludes the possibility of site exchange between A sub- 
lattice (Co 2+ ) and B sublattice (Rh 3+ ) ions in C0RI12O4 
nanoparticles. The nanoparticles of C0RI12O4 (size down 
to 16 nm) were obtained by mechanical milling of bulk 
sample. Mechanical milling is one of the most convenient 
methods which can controll the surface spin ordering by 
contributing some strain induced anisotropy [lOj . The dc 
magnetization (M) as a function of time (t), temperature 
(T) and field (H) were measured using SQUID (Quan- 
tum Design, USA) magnetometer. Before loading each 
sample in SQUID magnetometer, zero field was checked 
by measuring the field dependence of magnetization of a 
paramagnetic sample at 35 K. 

We have analysed the zero field cooled magnetization 
[MZFC (T)] data above 50 K using Curie- Weiss law: y 
= T _g A , where C and On have the usual meaning 0. 
The analysis showed that effective paramagnetic moment 
(fj, e ff= (SkC/N) 1 / 2 , where k is the Boltzman constant, 
N is the number of C0RI12O4 formula unit per gm of the 
sample) of the system increases with the decrease of par- 
ticle size. We also noted that fi e f / of the bulk sample is 
large compared to ii e // ~ 4.60 /xg for the Co 2+ moment 
alone. Such an increase in Co-Rh compound could be 
the effect of the spin-orbital coupling of 3d(Co)-4d(Rh) 
elements ^l|. It is found that the ratio of 6a/Tn is al- 
ways greater than 1 for nanoparticles. This is a good 
indication of geometrical frustration effect in C0RI12O4 
nanoparticles, as well as the increasing instability of an- 
tiferromagnetic ordering [12| in surface spin configura- 
tions. It is noted that the initial increase of Oa/Tn ( 
-44.23 K/27 K for bulk, -42.80 K/27 K for 70 nm, -42.05 
K/27 K for 50 nm, -41.84 K/27 K for 32 nm, -43.81 K/27 
K for 19 nm and -51 K/27 K for 16 nm) with decreas- 
ing the particle size down to 36 nm is followed by the 
decrease on further lowering the particle size. This sug- 
gests that magnetic instability is not monotonous with 
decreasing the particle size of the present antiferromag- 
netic spinel. A better magnetic ordering, which is dif- 
ferent from the typical antiferromagnetic order, can be 
observed for smaller particles. The magnetic instabil- 
ity in the nanoparticle samples is also reflected by the 
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observation of magnetic irreversibility between the tem- 
perature dependence of zero field cooled magnetization 
(MZFC) and field cooled magnetization (MFC) below 
Tj\r, whereas the increasing magnetic order with decreas- 
ing the particle size is confirmed from the M(H) data. 
Such observation is also consistent with the prediction of 
disorder induced magnetic order in geometric frustrated 
system ,6] or induced ferromagnetism in antiferromag- 
netic nanoparticle EH . The other notable feature consis- 
tent with disorder induced magnetic order is that magne- 
tization below T n had shown a systematic enhancement 
with decreasing the particle size. A scaling analysis sug- 
gested that such an increase of low temperature magne- 
tization is a consequence of superparamagnetism (collec- 
tive paramagnetism), arising from the increasing number 
of frustrated surface (shell) spins in nanoparticles. The 
small irreversibility between FC and ZFC magnetization 
(MFC > MZFC) below T N suggests that a fraction of 
surface spins might be in blocking state and field cooling 
gives better magnetic ordering of those blocked surface 
spins. However, we do not find any ferromagnetic hys- 
teresis loop in our nanoparticles, unlike other class of an- 
tiferromagnetic (AFMNP) nanoparticles EH EH EH E3 
that showed exchange bias effect and the hysteresis loop 
like ferromagnetic materials. These unusual phenomena 
in AFMNP are the indication of strong inter-particle in- 
teractions, which has been reflected in the blocking be- 
haviour of nanoparticles below a characteristic tempera- 
ture, known as average superparamagnetic blocking tem- 
perature (Tb) of the nanoparticle sample. In such cases, 
the superparamagnetc behaviour is characterized by the 
shift of Tb with applied magnetic field in zero field cooled 
dc magnetization or with applied frequency in ac suscep- 
tibility measurements. Since the blocking temperature, 
associated with a peak in zero field cooled magnetization, 
is not observed in our AFMNP down to 2 K, an alterna- 
tive approach is essential for the understanding of surface 
superparamagnetism in antiferromagnetic nanoparticles, 
like we are having. 

The present work has probed the relaxation experiments 
to understand the magnetic instability, essentially related 
to the surface spin dynamics, in C0RI12O4 nanoparticles. 
The understanding could be relevant to clarify certain 
issues like surface spin configuration, competitive effect 
between the shell (surface) and core spins in antiferro- 
magnetic nanoparticles. In the relaxation experiments, 
samples are zero field cooled from 100 K to the measure- 
ment temperature (T m ) at 2 K. After cooling, the sam- 
ples are equilibrated at 2 K in the absence of external 
magnetic field for the waiting time (t„,) ~ 100 seconds. 
Then external magnetic field (H) = 100 Oe is applied, 
which is stabilized within 60 seconds. The time depen- 
dence of the magnetization is recorded for the next (t on ) 
2700 seconds (definded as ON state). Then magnetic 
field is switched off and the magnetic field is stabilised to 
zero value within 60 seconds. However, the measurement 
of M(t) is continued for the next (t //) 2700 seconds 
in the absence of magnetic field (defined as OFF state). 



We have shown the experimental data for two selected 
nanoparticle samples in Fig. 1. The M(t) data during 
ON state and OFF state are also separately shown for 
all the samples in Fig. 2 and Fig. 3a, respectively. It 
is worthy to mention that relaxation behaviour is not 
observed for bulk sample. This is consistent with the 
long range antiferromagnetic order of the sample. On 
the other hand, relaxation behaviour is observed in all 
nanoparticle samples. We have noted a cross over in the 
magnetic relaxation behaviour depending on the size of 
particles. The experimental data show an unusual de- 
crease of magnetization with the increase of time, i.e. 
negative magnetization growth with time, during the field 
ON state for samples with particle size down to ~ 19 
nm. Such magnetic relaxation behaviour in the presence 
of magnetic field is unusual in view of the conventional 
domain growth, specially applicable for spin glass or su- 
perparamagnetic systems. On further lowering the parti- 
cle size, the system shows the as usual increase of magne- 
tization with time in the presence of magnetic field, i.e. 
positive magnetization growth with time (as seen for sam- 
ple with particle size ~ 16 nm). Now, look at the M(t) 
data during field OFF state of the measurement. Fig. 3a 
shows that the isothermal remanent magnetization M(t) 
during OFF state decreases with the increase of time. 
Interestingly, that decrease is becoming slower with time 
for the smaller particles. We have understood such a 
slow decrease of M(t) during OFF state by comparing it 
with the convensional time decay of field cooled remanent 
magnetization for 16 nm sample. The time dependence 
of remanent magnetization at 2 K is preceeded by 100 
Oe field cooling from 70 K to 2 K (rate 5 K/minute) 
and subsequently, waited there for 100 seconds before re- 
ducing the field to zero value and starts the recording. 
The remanent magnetization M(t) data is normalized by 
the first point M(i) during OFF state, where i = 10 sec. 
and 2800 sec. for FC and ZFC process (during first 2700 
sec. field is ON) , respectively. The normalized M(t)/M(i) 
data are shown in Fig. 3b. We have seen that M(i) ~ 
9.9 x 10" 4 emu/g for FC-OFF is larger than M(i) - 2.0 x 
10 -4 emu/g for ZFC-OFF process, and the magnitude of 
M(t) is larger throughout the time (0-2800 seconds) after 
switing off the cooling field in FC process in comparison 
with the OFF state (2800-5500 seconds) in ZFC process. 
Fig. 3b shows that the rate of decay of remanent mag- 
netization is more slower in FC process than that of the 
OFF state in ZFC process. One would expect the estab- 
lishment of a mctastablc magnetic order in the surface 
spin configurations during the field cooling process from 
70 K (> Tat - 27 K) down to 2 K. The increase of inter- 
action networks among the surface spins can give rise a 
larger field cooled remanent magnetization, whereas the 
rate of decay of remanent magnetization is related to the 
strength of interactions among the spins, resulting in a 
slower decay for increasing interactions. 

Most of the reports explained the superparamagnetic 
behaviour in nanoparticle system by assuming the spin 
flips between spin up (#0 — 0°) and spin down (9q = 
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180°) states, taking into account the anisotropy barrier 
E = - KVcos 2 0q [Ig • This may not be a realistic model 
for nanoparticle system, also pointed out by other group 
|l8j. One would expect a distribution of canting angle 
(9) between surface spin configurations. Consequently, 
we can expect a distribution of energy minima as a func- 
tion of spin canting angle (0° < 6 < 180°). The spin 
can relax in any one of the modified energy minima, de- 
termined by local configurations. The observed magnetic 
relaxation of CoRh 2 04 nanoparticles can be explained by 
the core-shell model |9J , which we proposed by taking into 
account the variation of surface spin canting angle with 
particle size. We have considered that interaction be- 
tween core spins are antiferromagnetic, whereas interac- 
tion between core-shell spins are distorted antiferromag- 
netic. On the otherhand, interaction between shell spins 
are effectively superparamagnetic. When the particle size 
is reduced, some of the A-O-A superexchange bonds be- 
come frustrated. These frustrated bonds will create ex- 
change anisotropy field at the interfacial surface. The 
decrease of magnetization with time in the presence of 
constant magnetic field suggests a competition between 
AFM exchange interactions of core (bulk) and surface 
anisotropy field (unidirectional) at the surface spins. The 
competitive effect of the interactions is explained with the 
help of a schematic diagram (Fig. 4). For spin vectors, 
the effective magnetic field (along + z axis) H e ff = H ex 
+ H sa „ + H app ; + A, where H ex is the Heisenberg ex- 
change interactions field (negative for antiferromagnetic 
ordering), H sa „ is the surface exchange anisotropy field, 
H app i is the applied external field, and A is small contri- 
bution from other sources. For typical bulk AFM, H san 
= 0, Hex >> Happi (100 Oc in the present experiment), 
and perfect AFM ordering compensates the magnetiza- 
tion vectors (Fig. 4a). The distortion of AFM order in 
nanoparticle favours canting between shell spins. The 
canting (0° < 6 < 180°) between two nearest neighbour 
spins gives rise the resultant magnetization vector (/z), 
which makes angle (f) (0 < (f> < 90°) with the z direction 
(Fig. 4b). The magnetization (M) is the effective compo- 
nent of (/j,) along +z direction, i.e. M — /i z . Remember 
that resultant surface exchange anisotropy field may not 
be along the + z axis. We have assumed that H sa „ is 
the effective component of surface exchange anisotropy 
field along + z axis. The effect of H sa „ is to increase the 
surface magnetization |20| by decreasing <p, whereas 
H ex tries to compensate magnetization vectors (/1 = 0). 
This establishes a non-equilibrium local magnetic orde- 
ing of the surface spins, before attaining an equilibrium 
magnetic state M eq (H,T,t). The effective magnetization 
M(T) of (larger size) nanoparticle at a constatnt tem- 
perature below Tn may be larger, due to the contribu- 



tions from H sa „, than the corresponding bulk sample. At 
the same time, there is also a finite probability for the 
shell spins of nanoparticle, under temperature and field 
equilibrium for a longer observation time, of restoring 
the bulk M(T) state, if the surface spin configuration of 
nanoparticle sample does not drastically differ from the 
bulk (180°) configuration 0]. The time evolution of the 
local non-equilibrium magnetization may not have any 
significant effect, because of the very small magnitude, 
on the observed value of thermal activated magnetiza- 
tion at constant external magnetic field (100 Oe). How- 
ever, such time evolution (relaxation dynamics of shell 
spin configurations) can effectively show the decrease of 
magnetization even in the presence of external magnetic 
field, as long as H ex >> H sa „. Now, consider the case 
where H san begins to dominate over H ex for antiferro- 
magnetic nanoparticles below a critical size (Fig. 4c). 
Here, antiferromagnetic field H ex is effectively reduced 
in magnitude (schematically shown in Fig. 4 in Ref. [t| 
and the effect is already found in many antiferromagnetic 
nanoparticles 0, 0, 0, El). The effective decrease 
of antiferromagnetic exchange interactions results in the 
further decrease of <f> for smaller particles. Consequently, 
the probability of restoring the bulk M(T) state becomes 
less. On the other hand, the local magnetic ordering 
of the shell spins in the presence of external magnetic 
field favours the establishment of a new metastable state 
where M(T) data increases with the increase of time. 

In summary, Bulk (core) magnetization is a stable an- 
tiferromagnetic state, whereas magnetization of nanopar- 
ticles can be considered as an distorted antiferromagnetic 
state. At thermal equilibrium the core spins of nanopar- 
ticles will try to align the neighbouring shell spins in an- 
tiferromagnetic manner, which results in a finite proba- 
bility of decreasing the surface magnetization with time. 
On the other hand, surface anisotropy field will try to 
give rise a preferential induced magnetic ordering to the 
shell spins, which results in the increase of surface mag- 
netization with time. When the particle size is large (i.e. 
surface anisotropy field is small) , there is a greater proba- 
bility for the nanoparticle sample of restoring the equilib- 
rium magnetization M eq of bulk sample at that temper- 
ature. On decreasing the particle size, such probability 
of restoring the bulk magnetic state becomes less, and 
the sample is locally ordered to a metastable state where 
magnetization increases with time. This demonstrate the 
evidence of an unconventional relaxation process in the 
system. The experimental results also provided an alter- 
native approach to identify qualitatively the increasing 
surface exchange anisotropy with decreasing the size of 
antiferromagnetic nanoparticle. 
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Fig 1 . M(t) data for two selected samples. Each sample is zero field cooled 
to 2 K and waited for 1 00 seconds before applying 1 00 Oe magnetic field. 
Relaxation is observed in presence (ON state) and absence (OFF state) of 
field. 
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Fig. 2 Relaxation of zero field cooled magnetization (M(t)) for different 
CoRh 2 4 nanoparticles in the presence of 100 Oe (ON state) at 2 K 
after waiting time 100 s. Arrows indicate the magnetization axis of the 
corresponding sample 
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Fig. 3 (a) M(t) data for different CoRh 2 4 nanoparticles in ZFC-OFF state at 2 K. 
(b) Comparative M(t) data for FC-OFF and ZFC-OFF states at 2 K for 1 6 nm samples. 
M(t) data are normalized by the first point M(i), where i = 10 sec. and 2800 sec. for FC 
and ZFC, respectively. Also note the modified time scale only for ZFC-OFF state in Fig. 3b. 
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Fig. 4 (Colour online) A schematic diagram to show competition in shell- shell and 
core-shell interfaces between antiferromagnetic exchange interactions (H ex ) and 
surface exchange anisotropy field (H san ) in presence of applied magnetic field (H app i) 
along + z axis ( spin up direction) for bulk and nanoparticle samples (nps). We have 
assumed that (H ex ) is along - Z axis, effective H san along + z axis. Magnetization (M) 
is defined as the average moment along + z axis, i.e. M = <jl>z. 



